Our previous studies established that human neutrophils could damage and probably kill hyphae of Aspergillus fumigatus and Rhizopus oryzae in vitro, primarily by oxygen-dependent mechanisms active at the cell surface. These studies were extended, again quantitating hyphal damage by reduction in uptake of "4C-labeled uracil or glutamine. Neither A. fumigatus nor R. oryzae hyphae were damaged by neutrophils from patients with chronic granulomatous disease, confirming the importance of oxidative mechanisms in damage to hyphae. In contrast, neutrophils from one patient with hereditary myeloperoxidase deficiency damaged R. oryzae but not A. fumigatus hyphae. Cell-free, in vitro systems were then used to help determine the relative importance of several potentially fungicidal products of neutrophils. Both A. fumigatus and R. oryzae hyphae were damaged by the myeloperoxidase-hydrogen peroxide-halide system either with reagent hydrogen peroxide or enzymatic systems for generating hydrogen peroxide (glucose oxidase with glucose, or xanthine oxidase with either hypoxanthine or acetaldehyde). Iodide with or without chloride supported the reaction, but damage was less with chloride alone as the halide cofactor. Hydrogen peroxide alone damaged hyphae only in concentrations 21 mM, but 0.01 mM hypochlorous acid, a potential product of the myeloperoxidase system, significantly damaged R. oryzae hyphae (a 1 mM concentration was required for significant damage to A. fumigatus hyphae). Damage to hyphae by the myeloperoxidase system was inhibited by azide, cyanide, catalase, histidine, and tryptophan, but not by superoxide dismutase, dimethyl sulfoxide, or mannitol. Photoactivation of the dye rose bengal resulted in hyphal damage which was inhibited by histidine, tryptophan, and 1,4-diazobicyclo(2,2,2)octane. Lysates of neutrophils or separated neutrophil granules did not affect A. fumigatus hyphae, but did damage R. oryzae hyphae. Similarly, three preparations of cationic proteins purified from human neutrophil granules were more active in damaging R. oryzae than A. fumigatus hyphae. This damage, as with the separated granules and whole cell lysates, was inhibited by the polyanion heparin. Damage to R. oryzae hyphae by neutrophil cationic proteins was enhanced by activity of the complete myeloperoxidase system or by hydrogen peroxide alone in subinhibitory concentrations. These data support the importance of oxidative products in general and the myeloperoxidase system in particular in damage to hyphae by neutrophils. Cationic proteins may also contribute significantly to neutrophil-mediated damage to R. oryzae hyphae.
and R. oryzae hyphae (10), they did not clarify which of several possible oxidative intermediates or pathways (3) might act directly against these fungi. Effects of inhibitors of oxidative metabolism are not necessarily completely specific (9, 12, 38) . For example, sodium azide and sodium cyanide may have general inhibitory effects on cell respiration in addition to their inhibition of myeloperoxidase (18) , and sodium azide in high concentrations acts as a singlet oxygen scavenger as well (14) . Therefore, the effects of various inhibitors on whole cells may not reflect specific effects of these substances on an isolated system. Oxidative and nonoxidative mechanisms present in whole neutrophils may be simulated in vitro by using purified microbicidal substances directly or by using cell-free components of known systems to generate microbicidal intermediates (6, 9) . Thus, hydrogep peroxide may be used in reagent form or may be generated by the reactions of glucose with glucose oxidase or by xanthine oxidase with either hypoxanthine or acetaldehyde (5, 14, 36) . The latter reactions generate superoxide radical, which may then dismutate to form hydrogen peroxide or may, by itself, be microbicidal for some organisms (36) . Like whole neutrophils, these reactions, with or without interaction with myeloperoxidase and halide, may produce other oxidative products such as hydroxyl radical (30, 36, 39, 43) , hypochlorous acid (12, 13, 15, 38) , or singlet oxygen (14, 34, 36) . Singlet oxygen also may be produced in vitro as the major oxidative product of photooxidation of the dye rose bengal (14) . Our previous studies using such cell-free systems supported the critical involvement of oxidative mechanisms in general and the myeloperoxidase-H202-halide system in particular in neutrophil-mediated damage to Candida albicans hyphae and pseudohyphae (9) . We now extend these studies to mechanisms of damage of A. fumigatus and R. oryzae hyphae.
MATERIALS AND METHODS
Fungi. Previously described isolates of A. fumigatus and R. oryzae were maintained and harvested as in our prior studies (10) . After removal of clumps and hyphal fragments by filtration through cheesecloth, spores were washed, dispensed into individual 15-ml centrifuge tubes (Coming Glass Works, Corning, N.Y.) in 1-ml working samples, and incubated to induce germination at 37°C. For (4) . Contaminating erythrocytes were lysed, and neutrophils were washed as in our prior studies (10) . Subcellular fractions of neutrophils, including those enriched with cytoplasmic granules, were separated by centrifugation on sucrose gradients by the method of Kimball et al. (17) . Preparations of cationic proteins previously described in studies of tumor cell cytotoxicity (7) were used, having been prepared by Inge Olsson (University of Lund, Lund, Sweden). These consisted of two separate lots designated cationic protein A, consisting of a mixture of cationic proteins 1 and 2, and cationic protein B, consisting of a mixture of cationic proteins 3 and 4 (7, 27) . These proteins were dissolved in distilled water at 500 ,ug/ml and stored at -70°C until just before use.
Ingredients of in vitro systems for generation and inhibition of microbicidal activity. As in our prior studies (9), myeloperoxidase was prepared from canine pus neutrophils by the method of Agner through the end of the sixth step (1) and was assayed by the odianisidine method. One unit of myeloperoxidase uses 1 ,umol of substrate per min at 25°C (19 
RESULTS
Damage to hyphae by intact neutrophils with deficient oxidative metabolism. Compared with neutrophils from normal subjects, cells from patients with chronic granulomatous disease were defective in damaging A. fumigatus or R. oryzae hyphae. Likewise, neutrophils from a single patient with myeloperoxidase deficiency did not damage A. fumigatus hyphae, although damage to R. oryzae hyphae by these cells was significant ( Table 1) .
Effects of microbicidal products of oxidative metabolism on damage to hyphae. Lack of damage to hyphae by chronic granulomatous disease neutrophils indicated the importance of oxidative metabolism in damage to hyphae by neutrophils, but did not specify which of the many possible oxidative products of neutrophils (3) were capable of damaging hyphae. Preliminary experiments were then done by using cell-free systems which generated oxidative products to define concentrations of reagents that did not damage hyphae by themselves, but which caused maximum hyphal damage when present with all components of the systems.
The myeloperoxidase-H202--halide system glet oxygen appeared to be capable of damaging hyphae if produced (Table 5 ).
Damage to hyphae by neutrophil cationic proteins. Our previous studies suggested that nonoxidative mechanisms, especially cationic proteins, might contribute to damage to R. oryzae hyphae, as polyanions inhibited damage by intact, normal neutrophils (10). This hypothesis was supported by experiments using fractions prepared from lysed, normal neutrophils ( Table  6 ). Lysates of whole neutrophils and fractions enriched with neutrophil granules damaged R. oryzae (but not A. fumigatus) hyphae, and this damage was reversed by the polyanion heparin. Citric acid extracts (0.01 M, pH 2.7) of whole cell lysates or granular pellets (31) gave comparable results (data not shown). Fractions rich in components from cell nuclei also damaged R. oryzae hyphae. Since these latter fractions contain significant amounts of potentially fungicidal cationic histones (11), heparin was added to these fractions as well and similarly neutralized antifungal activity.
Purified preparations of neutrophil cationic proteins damaged R. oryzae hyphae more than A. fumigatus hyphae ( Table 7) . The former were significantly damaged by protein concentrations as low as 10 ,ug/ml, whereas the latter required 50 ,ug/ml. Heating at 90°C for 10 (3, 20) . These patients have a propensity to recurrent mycoses, which developed in 20.4% of 245 cases; most of these were aspergillosis (8) . In contrast, although potentially microbicidal oxidative products are produced by myeloperoxidase-deficient neutrophils (3, 24) , fungicidal activity, especially for C. albicans (3, 9, 18, 23, 25) , is impaired. In our studies, myeloperoxidase-deficient neutrophils failed to damage A. fumigatus hyphae, but did damage R. oryzae hyphae. However, damage to hyphae might be attributable to a number of different oxidative or nonoxidative mechanisms independent of myeloperoxidase (9, 24, 26, 31, 32) . Using cell-free systems (6, 7, 9, 21, 36) , we found that the myeloperoxidase system with chloride and iodide or iodide alone as cofactor efficiently damaged A. fumigatus and R. oryzae hyphae. Concentrations of sodium azide or sodium cyanide which primarily affect myeloperoxidase (18) inhibited antifungal effects, but both of these inhibitors may affect cell respiration, and sodium azide in high concentrations is also a quencher of singlet oxygen (14, 36) . As emphasized by the pronounced inhibitory effect of catalase, hydrogen peroxide was required for hyphal damage by the myeloperoxidase system. Superoxide likely functions in these antifungal systems primarily to supply hydrogen peroxide, rather than providing any direct antimicrobial effects, since catalase, but not superoxide dismutase, inhibited hyphal damage mediated by the xanthine oxidase system in the absence of myeloperoxidase. Hydrogen peroxide by itself damaged hyphae, but only in concentrations 10-to 100-fold higher than those active in the myeloperoxidase system.
A variety of specific antimicrobial substances have been postulated as being produced by neutrophils either directly or as byproducts of the myeloperoxidase system (3, 20) . Hypochlorous acid, a product of the myeloperoxidase system (12, 13, 38) , damaged both A. fumigatus and R. oryzae hyphae, although the latter were susceptible to 100-fold lower concentrations than the former. The potential effectiveness of hypochlorous acid as an antimicrobial agent may be increased by acidification compared with activity at pH 7.4. Recent studies have demonstrated proton release at the surfaces of stimulated neutrophils (40) , so phagocytic vacuoles need not be formed for acidification to occur. Inhibition of the myeloperoxidase system by histidine and tryptophan is also consistent with inhibition of the antifungal activity of hypochlorous acid, although these agents are not completely specific as they also are singlet oxygen quenchers (13, 15, 34) . We did find that singlet oxygen itself appeared to be able to damage hyphae, as evidenced by the antihyphal activity of the photoactivated dye rose bengal (14) . However, singlet oxygen may or may not be definitely proved to be produced by neutrophils (12, 34, 38) , and our data with inhibitors cannot separate singlet oxygen-induced antihyphal effects from activity attributable to hypochlorous acid (13, 15, 38) . Hydroxyl radical, another potentially microbicidal product of neutrophil oxidative metabolism (33, 35, 39, 43) , damaged C. albicans hyphae in our previous studies (9) . (24, 26) . We previously have noted that neutrophilmediated damage to R. oryzae hyphae was inhibited by polyanions (10), and we have now shown that whole lysates and isolated granules from human neutrophils can damage R. oryzae (but not A. fumigatus) hyphae. This antifungal effect was neutralized by polyanions. Moreover, cationic proteins purified from granules of human neutrophils (7) and known to be active in destroying bacteria (27) and tumor cells (7) also damaged hyphae. Elimination of the chymotrypsin-like activity of these cationic proteins, if anything, enhanced rather than impaired antihyphal effects. In their natural, undenatured state, these proteins primarily damaged R. oryzae hyphae, having little effect on A. fumigatus hyphae. However, specificity of the cationic proteins for organisms was not attributable merely to the effects of charge density of these argininerich proteins, since A. fumigatus and R. oryzae hyphae were equally susceptible to damage by three different polyanions. Thus, differential susceptibility of the fungi to neutrophil cationic proteins would appear to depend upon some other aspect of protein structure.
Although these as well as our previous (10) 38, 1982 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from cationic proteins (41) . Damage to R. oryzae hyphae required 10 to 50,ug of these proteins per ml in our studies. However, we noted that subinhibitory levels of these cationic proteins (1 ,ug/ml) damaged hyphae when combined with subinhibitory levels of hydrogen peroxide, with or without other constituents of the myeloperoxidase system. Moreover, granule-associated cationic proteins other than those which we tested inhibit some bacteria (42) and so may prove to contribute to antifungal activity. In myeloperoxidase deficiency, where hydrogen peroxide and other oxidants may be produced in increased amounts (3, 24) , cationic proteins also might have contributed to the observed damage to R. oryzae hyphae.
Reactions in these cell-free systems are analogous to those occurring within and at surfaces of intact neutrophils. Our results indicate that antihyphal mechanisms of leukocytes may not necessarily be identical for all types of hyphae. Moreover, interactions of several potential oxidative and nonoxidative antihyphal mechanisms may define the host's ability to limit fungal infections. For example, whereas aspergillosis was a common complication of chronic granulomatous disease (8), mucormycosis was not observed despite the ubiquity of R. oryzae in the environment. This seeming disparity may be, at least in part, related to the availability of alternative, nonoxidative mechanisms active against R. oryzae but not A. fumigatus in host neutrophils. Granule-associated cationic proteins acting together with other constituents such as elastase (28) might explain such a process. Where concentrations of oxidative (hydrogen peroxide) or nonoxidative (cationic proteins) substances are limiting or suboptimal, interactions of mechanisms may be required for antihyphal activity. If so, this may have important implications in activity of defense mechanisms against opportunistic mycoses in the intact host.
